A titanium substrate was coated with a hydroxyapatite (HA) film under a cathodic potential in aqueous solutions containing calcium and phosphate ions and hydrogen peroxide at pH 5.5 and a temperature of 309.5 K. The deposition process was monitored using the current density change, and the mass change was measured using the electrochemical quartz crystal microbalance (QCM) technique at cathodic potentials, and compared with deposition on a gold substrate. The deposits were analyzed using X-ray diffraction and scanning electron microscopy. HA films were obtained at different cathodic potentials, and the film morphology changed with the potential. With electrolysis at −557 mV, HA was deposited and accumulated after 800 s, when the mass gain increased significantly, as determined using QCM. After 800 s, the cathodic current increased and then decreased with HA growth. The HA film was porous, with pores several hundred nanometers in size, and formed a network of aggregates with walls about 50 nm thick. The filling factor was about 59 vol%, as evaluated from the mass gain using QCM and microscopic observation.
Introduction
The demand for implants to replace damaged or diseased joints, teeth, and other body structures is increasing. Many implant materials have been developed in attempts to protect against infection and immune reactions. Hydroxyapatite (HA) is one of the most biocompatible materials known, 1) while metallic materials are widely used because of their strength, malleability, and general utility. A variety of methods have been developed to deposit calcium phosphate, especially HA film, on orthopedic alloys, to combine the excellent biocompatibility of HA with the high mechanical strength of alloys.
1-7)
The cathodic electrolysis technique produces a HA coating by direct precipitation from aqueous solutions with low environmental impact. [8] [9] [10] The electrolytic production of hydroxide ion according to Reaction 1 increases the pH near the electrode.
2H 2 O + 2e = H 2 + 2OH
− , E = −0.40 V at pH 5.5 (1) where E is the standard electrode potential at equilibrium. In solutions containing calcium and phosphate ions, the elevated pH causes local supersaturation, which results in the selective precipitation of HA on the cathode. [11] [12] [13] When hydrogen peroxide is added to the solution, the reduction reaction in Reaction 2 takes place at a higher potential.
This reaction produces a more rapid pH increase near the electrode because of the low cathodic overpotential, and does not perturb the local environment with the evolution of hydrogen gas. The influence of hydrogen peroxide on the electrochemical deposition of HA on titanium has not been thoroughly investigated. This study investigated the behavior of the cathodic current and the change in the electrode mass with HA deposition in situ using electrochemical and quartz crystal microbalance (QCM) techniques under potentiostatic conditions. The morphology and crystallinity of the HA were also examined as a function of cathodic current change.
Experimental
The substrate specimens had a surface area of 1 cm 2 and were made from commercial titanium plate of 99.9 mass% purity. The surface was polished with #2000 grit paper, cleaned with ethanol and deionized water, and then immediately immersed in the test solution. QCM electrodes were used to measure the mass and current changes simultaneously. One QCM was produced by sputtering a 4.5-mm-diameter gold electrode onto a quartz crystal wafer adjusted to a 9-MHz resonance frequency. The other QCM was produced by sputtering 500 µg of titanium onto another gold electrode produced in a similar fashion. The mass change was calculated using Sauerbrey's equation (i.e., a 1.0-Hz decrease in QCM frequency corresponded to a 0.87-ng mass gain).
The test solution consisted of 3.0 mol·m −3 Ca(H 2 PO 4 ) 2 , 7.0 mol·m −3 CaCl 2 , and 6 mass%H 2 O 2 . The molar ratio of calcium to phosphorous was 1.67, as described by Monma et al. 11, 14) The pH was adjusted to 5.5 with NaOH or HCl solution, and the solution temperature was maintained at 309.5 K. A three-electrode system with a Pt wire counter electrode and a Ag/AgCl (sat. KCl) reference electrode was used to control the potential of the working titanium or gold electrodes. The potential are denoted as NHE electrode standard in this paper.
Potentiostatic electrolysis was performed and the cathodic current density and mass change were measured simultaneously for 3.6 ks at −557 mV and an open circuit potential using the QCM electrodes. The influence of chemicals added to the solution was evaluated by examining the electrode mass and current behavior accompanying HA deposition or titanium dissolution and oxidation. 
The film deposits formed on the Ti plate by electrolysis at various cathodic potentials (ranging from −357 to −957 mV) and at various durations (ranging from 0.4 s to 3.6 ks), were analyzed by X-ray diffraction (Shimazu Co. LTD. XRD-6000) and examined by scanning electron microscopy (Hitachi Co. LTD. S-800).
Results and Discussion

QCM measurement of Au and Ti electrodes
The electrochemical behavior of a titanium electrode was examined under a cathodic potential of −557 mV in solution with various chemicals and compared with that of a gold electrode, which is inert. The changes in the cathodic current and mass with the Ti and Au electrodes are shown in Fig. 1 . The cathodic reaction produces hydroxide ions at the electrode via Reactions 1 and 2 without and with H 2 O 2 , respectively. Hydroxide production causes supersaturation of the ions that produce HA. The HA solubility product at 309.5 K is given by eq. (3).
1)
When the supersaturation of hydroxyapatite exceeds the critical level, nuclei form on the substrate and grow into a bioceramic film.
9)
The addition of H 2 O 2 to the solution accelerated HA deposition, as shown in Figs. 1(a) and (b) . With neither calcium nor phosphorous ions in the solution, the mass gain for the Ti electrode was less than 1 g·m −2 , and the mass gain was nearly constant and independent of H 2 O 2 addition, as shown in Figs. 1(c) -(e). The mass gain of the Ti electrode exceeded that of the Au electrode due to the titanium surface reaction that occurred under the cathodic conditions.
Mass gains of at least 2 g·m −2 were obtained for 3.6 ks on both electrodes when the solution contained calcium and phosphorous ions as a source of HA. These gains corresponded to the deposition of HA film. Scanning electron microscopy of a cross-section of the Ti QCM electrode showed that the HA film deposited on the electrode after 3.6 ks electrolysis in the solution used in Fig. 1(a) averaged approximately 3.4 µm thick, and ranged from 2.3 to 5.0 µm. The mass gain for the same electrode was 6.4 g·m −2 , which allowed the film thickness to be calculated. When the film is assumed to be compact HA with a density of 3.15 g·cm −3 , a mass gain of 6.4 g·m −2 corresponds to a thickness of 2.0 µm. The difference between the observed and calculated thicknesses indicates that the film is porous, with a filling factor of about 59 vol%. Figure 2 shows the surface morphology of the hydroxyapatite obtained by electrolysis for 3.6 ks at −557 mV; it contains many pores several hundred nanometers in size. Microscopically, the HA film consists of a network of aggregates with walls about 50 nm wide.
The current detected at the Ti electrode after HA deposition for 3.6 ks was from 2.3 to 5.1 A·m −2 (Figs. 6 and 1(a) ). This current flows through the pores in the HA structure because the compact HA coating blocks the current, preventing ion migration. Therefore, the HA film formed by aqueous electrolysis has a porous structure.
In order to confirm the reaction with H 2 O 2 on titanium, the titanium electrode was held at open-circuit potential. The resulting mass changes for the Ti and Au electrodes are compared in Fig. 3 . A HA film did not form on both electrodes in every solution. For the Ti electrode, the mass change at 3.6 ks was less than 0.04 g·m −2 , which is small in comparison to the Fig. 3(c) according to Reaction 4. The small mass changes on Au electrode were thought to be caused by oxygen adsorption corresponding to apparent mass loss and desorption to apparent mass gain as a result of this reaction. Figure 3 confirms that the change in the mass of titanium due to surface oxidation and dissolution was less than 0.04 g·m −2 , and that the Au electrode was inert after immersion for 3.6 ks.
Characterization of electrolysis deposits
Cathodic electrolysis was carried out at various cathodic potentials using titanium plate electrodes. Figure 4 shows the X-ray diffraction patterns for the deposits formed on the titanium plate electrodes. The deposits formed at potentials of −557 and −757 mV for 3.6 ks were HA with good crystallinity that tended to a 002 preferable crystalline orientation. The surface morphology of the HA films deposited on titanium electrodes at the various cathodic potentials in Fig. 4 is shown in Fig. 5 . No HA was observed on the Ti electrode at −357 mV, while a flat, smooth, plate-like HA film was observed at −557 mV. At potentials of −757 and −957 mV, cotton-like white particles were also observed on the flat HA deposits. The cracks observed in Fig. 5 
Process of HA formation
HA deposition was carried out for various periods of time at a potential of −557 mV in a solution of 3.0 mol·m
Ca(H 2 PO 4 ) 2 , 7.0 mol·m −3 CaCl 2 , and 6 mass%H 2 O 2 , using titanium plate. The process of HA formation is discussed from the perspective of the changes in current, mass, and surface morphology. The changes in cathodic current are shown in Fig. 6 . The current showed characteristic profiles with good reproducibility in six experiments of various durations. The absolute value of the cathodic current decreased for the initial 800 s, then increased for the next 700 s, before decreasing once again. This change in current was also observed for the Ti QCM electrode in Fig. 1(a) . The morphology of the surface deposits was examined after electrolysis at −557 mV for 400 to 3600 s, as shown in Fig. 7 . For periods up to 800 s, which correspond to the period of cathodic current decrease, only HA nucleation is observed on the titanium electrode. A HA network forms after 1500 s due to the growth of crystal over the entire titanium surface. Therefore, the change in the absolute cathodic current during the interval from 800 to 1500 s corresponds to the processes of HA formation, that is, nucleation occurs before 800 s and crystal growth after 1500 s, with a transition period in between. During the transition period, when crystal growth starts, the hydroxide ions that form on the titanium electrode are quickly consumed to form HA. This is described by Reaction 2, and corresponds to the increase in the cathodic current. The results in Fig. 1(a) confirmed that the mass due to HA growth accelerates significantly after 800 s. The HA film deposited resembled a porous reticulum, as shown in Fig. 2 . It has been reported that HA can precipitate from simulated body fluid on titanium that has been immersed in alkaline solution. 15, 16) Titanium gelates in alkaline solution, inducing HA formation. From the QCM measurement for the Ti electrode in cathodic conditions, the mass gain was about 0.8 g·m −2 within 800 s, and then remained constant in every case in Fig. 1 . Titanium is naturally covered with a very thin passive film of titania. When a cathodic current supplies OH − ions, it is assumed that a OH − ion chemisorb on a Ti atom with a 001 crystal face. The theoretical mass gain is calculated to be 370 µg·m −2 , which is 10 3 times smaller than the measured value, 0.8 g·m that a titanium reaction under cathodic conditions is not possible; however, the initial mass gain on the Ti may be caused by gelation of the Ti surface in the alkaline media produced by the cathodic reaction.
Conclusions
Hydroxyapatite is formed on titanium electrodes under cathodic polarization. The relationships between the change in cathodic current and electrode mass and the change in the morphology of the deposited hydroxyapatite were examined. HA was deposited under electrolysis at −557 mV, and the amount significantly increased after 800 s, as measured by the mass gain using QCM. With HA growth, the cathodic current decreased, increased once, and then continued to decrease.
The hydroxyapatite film formed was porous and the pores were several hundred nanometers in size; the filling factor was about 59 vol%. Microscopically, the HA films consisted of a network of aggregates with walls about 50 nm thick.
